Bovine mastitis is a disease characterised by mammary gland inflammation, usually caused by intramammary infections. This condition is difficult to eradicate and responsible for severe economic losses for dairy producers. *Staphylococcus* (*S.*) *aureus* is a recognised mastitis pathogen often detected in dairy herds \[[@B5]\]. Internalization is an important step in staphylococcal mastitis pathogenesis \[[@B9]\]. *In vitro* studies have shown that Staphylococci are able to adhere to and invade bovine mammary epithelium \[[@B1],[@B2],[@B6],[@B7],[@B10]\].

Biofilm formation is a potential virulence factor \[[@B2],[@B9]\]. During intramammary infection bacterial clusters may develop within the udder \[[@B9]\], and biofilm structures may facilitate Staphylococci adherence and colonization of the mammary gland epithelium \[[@B9]\]. In other bacterial genera, the ability to form biofilm appears to be associated with invasiveness \[[@B4],[@B11]\]. In *S. aureus*, this relationship has not yet been clarified although it has been shown that capsule and other exoproducts may inhibit internalization \[[@B10]\]. This study compared the invasiveness of field isolates with different biofilm-forming profiles to determine the presence of these two virulence factors and their relationship in the isolates.

Six *S. aureus* isolates from a collection of subclinical mastitis isolates from dairy cows in Portuguese commercial dairy farms were used \[[@B12]\]. Isolates were chosen on the basis of their biofilm-forming ability. Three isolates (C607, C978, L145) were biofilm-positive as determined by optical density (OD), culturing in Congo red agar (CRA), and fluorescence *in situ* hybridization (FISH). The other three (D43, D8927.2, Z990) were biofilm-negative \[[@B12]\]. Phenotypic expression of biofilm in CRA was determined by observation of black (biofilm-positive) or red (biofilm-negative) colonies produced by the isolates after incubation (18 h, 37℃) in an agar medium to which sterilized Congo red stain (Sigma, USA) was added \[[@B12]\]. Quantification of biofilm formation by OD determination was performed using bacterial cultures grown in tryptic soya broth (TSB; Oxoid, UK) for 18 h at 37℃ as previously described \[[@B12]\].

A fluorescent 16S rRNA oligonucleotide probe, Sta (5\'-TCCTCCATATCTCTGCGC-3\'; *Escherichia coli* 697), specific for *Staphylococcus spp*. was used for FISH (MWG-Biotech, Germany) \[[@B12]\]. Ten µL of overnight bacterial suspensions in TSB were placed into each well of 10-well Teflon slides (Heinz Herenz, Germany) and incubated in a humid chamber for 24 h at 37℃, to allow biofilm formation. Afterwards, FISH was performed. *S. epidermidis* ATCC 35984 and ATCC12228 (LGC Standards, Spain) were used as positive and negative controls for the biofilm formation assay.

Invasion assays were performed using a bovine mammary epithelial (BME) cell line provided by Prof. Christian Burvenich (Ghent University, Belgium). Cells were grown in 24-well plates (Nunc, Denmark) in an atmosphere of 5% CO~2~ at 37℃ for 3 to 4 days in the following media: 40% Ham\'s F-12 (Invitrogen, USA), 30% RPMI 1640 (Gibco, USA), 20% NCTC 135 (Invitrogen, USA), 10% fetal calf serum (Invitrogen, USA), 0.1% lactose (Sigma, USA), 0.1% lactalbumin hydrolysate (Sigma, USA), 1.2 mM GSH (Sigma, USA), 10 µg/mL L-ascorbic acid (Sigma, USA), 1 µg/mL hydrocortisone (Sigma, USA), 1 µg/mL insulin (Sigma, USA) and 2.5 µg/mL amphotericin B (Gibco, USA). Bacterial cultures grown on Columbia agar plates (BioMérieux, France) at 37℃ for 18 h were suspended in Hank\'s balanced salt solution (HBSS; Gibco, USA) at a concentration adjusted to 10^6^ colony forming units (CFU) per mL by OD based on standard curves previously determined. One mL of the bacterial suspensions from each isolate and control strains were used to infect confluent BME monolayers of approximately 2 × 10^5^ cells per well after removing cell growth media. Each bacterial strain was evaluated in three independent assays.

Co-cultures with bacterial cells were performed as previously described, with a few modifications. Cells and bacteria were incubated at 37℃ in 5% CO~2~, 95% air for 30 min. Non-adherent bacteria were removed by washing five times with 1 mL HBSS. To eliminate adherent extracellular bacteria, BME were treated with 5 µg/mL lysostaphin (Sigma, USA) for 2 h in an atmosphere of 5% CO~2~ at 37℃ \[[@B2],[@B10]\]. Cells were washed three times with 1 mL HBSS. Killing of extracellular bacteria was monitored by culturing the supernatants from the last washing in plate count agar (PCA; Difco, USA). BME monolayers were detached with trypsin-EDTA (0.1%/0.04%) for 10 min in an atmosphere of 5% CO~2~ at 37℃ and lysed with 0.1% Trinton-X (VWR, USA) in distilled water (vol/vol) \[[@B1],[@B2]\]. Ten-fold dilutions of BME lysates were then plated in duplicate onto PCA and incubated for 18 h at 37℃ \[[@B1]\]. The number of CFU was determined by colony counting. Threshold for bacterial invasion was adjusted above the highest count obtained in the last wash in order to reduce the bias of remaining extracellular bacteria.

Invasion ability was confirmed in primary cultures of bovine mammary epithelial cells with fluorescent probes. Epithelial cells isolation was performed as previously described \[[@B8]\] with a few modifications. When monolayers were confluent, any remaining fibroblasts were eliminated by selective trypsinization and epithelial cells were then detached by mild trypsinization with 0.03% trypsin/0.02% EDTA in PBS \[[@B10]\]. Cells were vigorously pipetted to break up aggregates, resuspended in growth medium, and grown on glass coverslips placed inside 6-well tissue culture plates. When epithelial cells covered the glass slides in confluent monolayers, the slides were transferred to a new 6-well plate and incubated with 1 mL suspensions of the invasive *S. aureus* strains (C607, C978, D43) and ones containing the control *S. epidermidis* ATCC 35984. After a 30 min incubation at 37℃, the monolayers were washed three times with 1 mL PBS, fixed with ice-cold 95% ethanol for 10 min at 4℃, and again washed three times with 1 mL PBS. Cells were incubated with 1 mL of 0.01 mg/mL lysostaphin at room temperature for 30 min in an atmosphere of 5% CO~2~ at 37℃ to eliminate adherent extracellular bacteria. The period of lysostaphin treatment of epithelial monolayers was reduced so that it did not interfere with the FISH. The remaining lysostaphin solution and *S. aureus* were removed by washing three times with 1 mL PBS. Cell samples were serially dehydrated through a graded alcohol series (50%, 80%, and 96%; 3 min each) \[[@B1],[@B2]\], followed by the addition of 250 µL of hybridisation buffer (0.9 M NaCl, 20 mM Tris-HCl, pH 7.2, 0.01% SDS) containing 5 ng/µL of the Sta probe \[[@B12]\]. After incubation (3 h, 45℃), non-hybridised probe was removed by washing three times with 1 mL PBS.

BME cells were characterised by immunostaining with monoclonal antibodies against cytokeratin and vimentin (k8.13 and VIM13.2; Sigma, USA) diluted 1:20 in PBS. A negative control was included by replacing the monoclonal antibodies with PBS. After a 30 min incubation at 37℃, cell monolayers were washed three times with 1 mL PBS, and incubated for 30 min at 37℃ with 100 µL of FITC-labelled antiserum raised against mouse immunoglobulin (Sigma, USA) diluted 1:120 in PBS. Slides were then washed three times with 1 mL PBS, mounted in Vectashield Mounting Medium with DAPI (Vector, USA) and visualized by fluorescent microscopy with a Leica DMR microscope (Leica Microsystems, Germany).

Strains showed different levels of invasion ([Table 1](#T1){ref-type="table"}). Two biofilm-positive isolates (C607 and C978) showed a high invasive ability into BME cells. The third biofilm-positive isolate (L145) was found to have a low level of invasive ability. Among the biofilm-negative isolates, one (D43) showed a high invasive ability into BME cells, one (D8927.2) had a low level of invasiveness, and the other (Z990) did not invade the BME cells. In the assay confirming invasiveness, intracellular *S. aureus* were observed in all primary cell cultures.

The ability of *S. aureus* to invade bovine mammary epithelial cells has already been demonstrated \[[@B5]\] and our results are in accordance with those of Hensen et al. \[[@B9]\]. Results from other studies suggest that different strains have different internalization mechanisms, and that epithelium invasion is not essential for bacterial intramammary infection establishment or persistence \[[@B1],[@B2]\]. *S. aureus* mastitis pathogenesis is very complex and influenced by several factors, namely the ability for bacteria to adhere to host cells, to spread within the host tissues, and to evade the host immune system \[[@B9],[@B10]\]. Differences in invasion may be explained by the ability to produce capsule or adhesins \[[@B10]\]. The strains that show a faster adherence rate, which might influence bovine udder colonization, are the most likely to avoid bacteria removal by milk flow \[[@B10]\].

In our study, two out of the three biofilm-positive isolates showed a high invasive ability, while among the biofilm-negative isolates, only one was able to invade BME cells. These results suggest that biofilm-forming ability and invasive capacity are not necessarily related to each other. Nevertheless, further studies should be performed using a higher number of isolates to confirm these results.

Invasive isolates were located inside the epithelial cells, as detected by a positive hybridisation signal from a specific fluorescent probe labelled. These results support the study by Almeida et al. \[[@B1]\] that found no significant differences in internalization between line cultures and primary cells. However, other authors have reported differences in *S. aureus* invasive ability due to the growth medium, growth phase, and the origin of mammary epithelial cells \[[@B10]\]. In conclusion, our results show that *S. aureus* mastitis isolates are internalized by bovine mammary epithelial cells and that invasion capacity is strain-dependent. Data also suggest that biofilm-forming ability does not influence the invasion capacity of the *S. aureus* mastitis isolates analysed in this study.
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^\*^Quantification of biofilm formation by optical density (OD) determination: values of OD~570~ \>0.1 were considered positive (+) and OD~570~ \<0.1 negative (-) \[[@B12]\]. OD~570~ positive control (*S. epidermidis* ATCC35984) = 1.2022 ± 0.5123, 34 ± 36 CFU/mL; OD~570~ negative control (*S. epidermidis* ATCC12228) = 0.0946 ± 0.0230, 0 ± 0 CFU/mL. CFU: colony forming unit.
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